One hundred eighty-four serologically confirmed cases of hepatitis A were reported in eastern Spain in 1999. A matched case-control study implicated imported coquina clams complying with European Union shellfish standards as the source of infection; this implication was confirmed by the detection by reverse transcription-PCR of hepatitis A virus (HAV) RNA in shellfish samples. In spite of the recognized low variability of HAV, genetic characterization of the complete capsid region of virus isolates from patient serum samples revealed the existence of both synonymous and nonsynonymous variants. Two antigenic variants were detected, one in a discontinuous epitope defined by monoclonal antibody K3-4C8 and a second in a linear VP1 epitope of the virus. In spite of these antigenic variants, all isolates were assigned to genotype IB, providing further evidence that the outbreak originated from a common source, although multiple strains were likely to be involved.
Hepatitis A virus (HAV) infection is the leading cause of viral hepatitis in Spain (40) and throughout the world (9) . Although transmission through the parenteral route may occur (28, 38) , HAV infection is mainly propagated via the fecal-oral route (24) . While in approximately 40% of the reported cases of hepatitis A the source of infection cannot be identified (9) , waterborne (6) and food-borne (31, 34) outbreaks of the disease have been reported. Within the latter category, shellfish grown and harvested from waters receiving urban contaminants is a frequent cause of infectious hepatitis (17, 25) .
Hepatitis A virus, the prototype of the genus Hepatovirus, belongs to the family Picornaviridae. Its 7.5-kb single-stranded RNA genome bears different regions: the 5Ј and 3Ј noncoding regions (NCRs); the P1 region, which encodes structural proteins VP1, VP2, VP3, and putative VP4; and the P2 and P3 regions, which encode nonstructural proteins associated with replication (18) .
Immunological evidence has determined the existence of a single serotype of HAV (22) , a fact which prevents the use of serological approaches to characterize different virus isolates. To overcome this difficulty, sequencing of the putative VP1/2A junction of the virus genome is used to differentiate HAV isolates into seven genotypes (32) .
On 22 October 1999, the Health Department in Valencia, Spain, reported the occurrence of a hepatitis A outbreak and its possible association with imported frozen cockles. Concomitantly, a rapid alert system for food-borne outbreaks that was developed within the framework of a European Union project (QLRT-1999-0594) made us aware of the existence of the outbreak. Although the first disease reports appeared in early October, the first cases actually occurred in early September.
lowing the manufacturer's instructions, except for the RT reaction, which was performed at 45°C for 1 h. For PCR amplification, an initial 4 min of denaturation at 94°C, 40 cycles of amplification (94°C for 1 min, 55°C for 1 min, and 72°C for 1.5 min), and a final extension at 72°C for 10 min were performed. PCR amplification products were confirmed by Southern blot hybridization with an internal digoxigenin-labeled probe (5Ј-TTAATTCCTGCAGGTTCAGG-3Ј) at 40°C for 2 h in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and sequential washes down to 0.5ϫ SSC at room temperature. Additionally, sequence analyses were performed for some samples as described below.
The complete VP1/2A genome region of HAV isolates was sequenced after amplification with the Pwo RT-PCR system (Roche) by following the manufacturer's specifications and with primers corresponding to the capsid protein sequences (Table 1) . Sequencing of RT-PCR products was performed in both directions with a Thermo Sequenase II dye terminator cycle sequencing premix kit (Amersham Pharmacia Biotech) by following the manufacturer's instructions and with an ABI Prism 377 automated DNA sequencer (Perkin-Elmer). Multiple sequence alignments were carried out with the ClustalW program (European Bioinformatics Institute), and neighbor-joining trees were generated with the Phylip program (Department of Genetics, University of Washington). Nucleotide diversity, i.e., the average number of nucleotide substitutions per site (21) , was calculated by using the DnaSP 3.0 software package (University of Barcelona). Genetic variability was estimated by dividing the number of variant nucleotides found relative to the most frequent nucleotide sequence by the total number of nucleotides sequenced (14) .
Immunological procedures. HAV in 10% stool suspensions was titrated by a sandwich enzyme-linked immunosorbent assay (ELISA) consisting of immunocapture with convalescent-phase serum HCS-2 (generously provided by R. Lluna, Hospital Militar, Barcelona, Spain), which recognized HAV at a 1/1,000,000 dilution (5, 30) , and detection with monoclonal antibody (MAb) 33Z/37/39 (generously provided by Z.-M. Yun, Institute of Virology, Beijing, China) and peroxidase-labeled goat anti-mouse IgG (Sigma) as primary and secondary antibodies, respectively. We regularly use this procedure for HAV titration by ELISA. Cytopathogenic HAV strain HM-175 (courtesy of T. Cromeans, Centers for Disease Control and Prevention, Atlanta, Ga.) (12) , propagated and assayed in FRhK-4 cells (5), was used as a positive control. Mock-infected FRhK-4 cells were used as negative controls. The same procedure was used to assay virus recognition by MAbs K3-4C8 and K2-4F2 (Commonwealth Serum Laboratories, Boronia, Victoria, Australia) by replacing MAb 33Z/37/39 with these latter MAbs. All incubations were carried out at 37°C for 2 h. MAb K2-4F2 recognizes 14S-specific epitopes, present in both pentamers and capsids, while MAb K3-4C8 recognizes 70S-specific epitopes, present only in capsids (39) .
All experimental procedures were performed at least in triplicate. 
RESULTS

Outbreak.
One hundred eighty-four confirmed cases of hepatitis A were reported in health areas 6, 7, 10, and 13 of the Autonomous Community of Valencia in eastern Spain. The curve of hepatitis A incidence clearly followed a holomiantic pattern, indicating a common source (data not shown). Secondary cases accounted for only 0.5% of the total cases. The affected areas comprise a total population of 593,373 inhabitants. Dates of illness onset ranged from weeks 39 to 52 of 1999. In addition to the conclusive presence of serum IgM antibody to HAV, hepatitis patients showed jaundice (88%), vomiting (44%), nausea (46%), asthenia (60%), anorexia (60%), choluria (86%), acholia (48%), and fever (57%). The median age of the patients was 24.6 years (range, 3 to 57), and 70% of the cases occurred in individuals 20 to 34 years old (Fig. 1 ). Sixty percent of the patients were male, and 40% were female.
Case-control study. The case-control study revealed that the only significant positive association was found with the consumption of coquina clams at an odds ratio of 3.81 (95% confidence interval, 2.33 to 6.26) ( Table 2 ). Surveys performed by the Department of Epidemiology of the Generalitat Valenciana indicated a common source of the clams implicated in the outbreak. All clams had been imported frozen from Peru and could be classified as Donax spp.
HAV detection in shellfish and clinical samples. HAV RNA was detected by RT-PCR with primers of the 5Ј NCR in 75% (15 of 20) of the frozen coquina clam samples directly related to hepatitis cases. The same molecular procedure enabled the amplification of HAV in 60% (34 of 57) of the serum samples. This method, regularly used by us for generic HAV detection, has a sensitivity inversely proportional to the time elapsed between the onset of symptoms and sample collection. For instance, 90% of the IgM-positive samples collected during the first week of the disease were found positive by RT-PCR, while only 50% of the samples collected 1 week later were found positive by RT-PCR (data not shown). This time limitation is due to the low level and transient nature of viremia. The decline in viremia over time makes the use of nested PCR a requirement for the detection of viral RNA 1 month after the alanine aminotransferase peak (8) .
The shellfish-borne origin of the outbreak was confirmed by aligning a 127-nucleotide (nt) fragment from the 5Ј NCR (nt 68 to 194) of 30 serum samples and 2 shellfish samples. Six different groups were observed after alignment of the serum sequences, as shown in Fig. 2 . However, the neighbor-joining tree depicts only five groups, since groups A and B differed only in a single point mutation and were considered a single group (Fig. 3) . In group F, a specific deletion of 4 nt (nt 131 to 134) was detected, indicating the potential circulation of at least two different viral strains. The highest homologies among groups A to E were observed between groups A and D (98.4%) and between groups C and E (98.4%), while the lowest homology (96%) was detected between groups B and E. When deletions were not considered for the calculations, 100% homology was observed among groups A, B, and D, and the largest distance appeared between groups C and E (98.4% homology). All but three detected mutations were contained in the first pyrimidine-rich tract region. The two shellfish sequences were 100% homologous to groups A and F.
Capsid variability of HAV isolates. The complete VP1/2A region sequence corresponding to the HAV capsid proteins was determined for 18 of the 5Ј NCR RT-PCR-positive samples. Analysis of the capsid sequences indicated that the frequency of variation was 6 ϫ 10 Ϫ3 . For VP0 protein, nucleotide changes were detected all along the VP0 region, although distinct regions with higher nucleotide diversity were observed around nt 150 to 200, 350 to 400, 625 to 650, and 700 (Fig. 4) . All these nucleotide changes were synonymous mutations, with the exception of one mutation at position 189, found in 2 out of 18 isolates, which induced a conservative change of Val to Ala at amino acid 63 of VP0 or 40 of VP2.
The distribution for VP1 protein (Fig. 4) showed a higher level of genetic variation all along the VP1 region, although nonsynonymous variants were not detected in the nucleotides coding for the immunodominant site (27, 29) . The only nonsynonymous substitution identified was at position 82; it coded for a change of Met to Val. This amino acid at position 28 is on September 7, 2017 by guest http://jcm.asm.org/ located close to linear BϪ TϪ epitopes defined at positions 11 to 25 and 10 to 33, respectively (15, 20) . Genetic variability was observed all along the VP3 region, with higher nucleotide diversity around positions 135 to 140, 215 to 220, 240 to 275, 360 to 400, and 450 (Fig. 4) . Interestingly, a nonsynonymous nucleotide change, implying a conservative substitution of Val by Iso, was detected in 7 out of 18 isolates at position 214, corresponding to amino acid 72, which is located in the middle of the immunodominant site of HAV (27, 29) .
To assess whether the Iso-for-Val substitution at amino acid 72 of VP3 results in the appearance of a natural antigenic variant, a mutant virus isolated from a stool sample from a hepatitis A patient was characterized in terms of recognition by MAbs K3-4C8 and K2-4F2; for comparison, reference strain HM-175 was used as a nonmutated control. Previously, mutant and nonmutated virus suspensions had been equalized in terms of reactivity with MAb 33Z/37/39 in a sandwich ELISA and by RT-PCR amplification with primers of the 5Ј NCR. Through both of these procedures it was established that 50 l of a 10% FIG. 3 . Phylogenetic tree based on the sequences of the 5Ј NCR shown in Fig. 2 . Letters corresponding to the same groups as those depicted in Fig. 2 are shown in parentheses. Symbols: circle, shellfish samples; asterisk, samples with a valine-to-isoleucine change at position 72 of protein VP3; dagger, samples with a valine-to-alanine change at position 63 of protein VP0; double dagger, samples with a methionine-to-valine change at position 28 of protein VP1.
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on September 7, 2017 by guest http://jcm.asm.org/ suspension of the stool sample corresponded to approximately 50,000 50% tissue culture infective doses (TCID 50 ) of strain HM-175. Under these conditions (50 l of a 10% suspension of the stool sample and 50,000 TCID 50 of strain HM-175), the mutant virus showed 81 and 35% reductions in recognition by MAbs K3-4C8 and K2-4F2, respectively, compared with the nonmutated HAV control (Fig. 5) .
In spite of the antigenic variants detected in both VP3 and VP1, all isolates were assigned to genotype IB, based on a sequence analysis of the VP1/2A junction region. Furthermore, samples showing 100% homology in this junction region bore amino acid changes in the capsid region (Fig. 6) . The overall homology of the sequences in the VP1/2A junction region was 98%.
Control measures.
The Spanish Ministry of Health activated a national system of epidemiological surveillance to prevent the distribution of any further coquina clam shipments and informed officials at border checkpoints and the European Community Rapid Alert System for Foodstuffs. Peruvian shellfish imports are still banned by the European Union at the time of this writing.
The confirmation of the shellfish-borne nature of the outbreak led to the adoption of prophylactic measures in order to decrease the severity of the outbreak; these consisted of the immobilization and/or removal of 176,544 kg of coquina clams in the Autonomous Community of Valencia and 12,544 kg in the rest of Spain. At the same time, passive and active immunizations of the population in contact with affected individuals were undertaken. These measures led to the conclusion of the outbreak by the end of December 1999.
DISCUSSION
Genetic analysis may provide valuable information on the source of a virus in both sporadic and epidemic infections (40) . This report describes an outbreak of hepatitis A epidemiologically linked to coquina clams. Genetic analysis of the 5ЈNCR demonstrated the occurrence of identical sequences in shellfish and patient serum samples, thus confirming the shellfish-borne origin of the outbreak. Although, because of technical impairments, only two sequences from shellfish samples could be analyzed, one of them contained a specific 4-nt deletion that was also present in one patient sequence. Additionally, the other shellfish sequence showed 100% homology with the se- on September 7, 2017 by guest http://jcm.asm.org/ quences of 33% of the patient samples. The overall homology among the different sequences was 96%, and nucleotide changes were concentrated in the first pyrimidine-rich tract, as previously described (37) .
HAV is a virus with recognized low antigenic variability, as reflected by the existence of a single serotype (22) . However, antigenic variants selected for their resistance to different MAbs have been reported (27, 29) . In our study, the complete capsid region sequence analysis revealed the existence of both synonymous and nonsynonymous variants among the HAV isolates, with an overall genetic variability in the range of those reported for other picornaviruses (14) . Among these isolates, a natural antigenic variant inducing a loss of recognition by MAb K3-4C8 and a second variant in a linear epitope of VP1 (15, 20) were detected. However, a specific analysis of the VP1/2A junction, usually used for genotyping (32) , determined that all sequences belonged to a single genotype, IB, in spite of the antigenic variants detected in both VP3 and VP1. This observation indicates that genotyping methods may not always reflect antigenic variations. On the other hand, it should be pointed out that although all sequences belonged to genotype IB, the overall homology was 98%, in contrast to other outbreaks with a common origin, where the homology among sequences of the VP1/2A junction was 100% (13, 19, 32) . These data suggest that the clams were contaminated with several different strains prior to harvest; this suggestion is supported by the evidence of cocirculation of different HAV strains in a same geographic area (11) and the requirement for many HAV-infected shedding individuals for contamination of shellfish-containing waters. However, the potential capacity of RNA viruses to mutate their genomes, to exist as quasispecies (14) , and thus to generate genetic variants should not be ignored.
The crystallographic structure of HAV is yet to be resolved. However, assuming that tolerance to amino acid substitutions is higher at surface protein sites free of structural constraints, it appears reasonable to presume that all observed amino acid changes are located on the capsid surface. Given that antigenic sites are frequently located at surface sites, it can be postulated that several of the detected substitutions should be involved in HAV antigenic sites, such as mutations in residue 28 of VP1 (15, 20) and residue 72 of VP3 (27, 29) . Since this latter epitope site recognized by MAb K3-4C8 is conformation dependent and is detected only in 70S particles and not in 14S pentamers (39) , it can be postulated that these changes constitute a natural antigenic variant for this MAb, whose site should be located near the threefold axis. The Iso-for-Val substitution is located at amino acid 72 of VP3, in the middle of the HAV immunodominant site (27, 29) . No escape mutations have been described so far at this position. However, three of the amino acids surrounding this Val, Asp, Ser, and Gln, have been associated with several escape mutants (23) . For other picornaviruses, such as rhinovirus 14 and several coxsackieviruses, Iso appears in this same position (35) . An escape mutant associated with this Val position has been described for poliovirus 1 (26) .
In regions of endemicity, the majority of HAV infections occur in childhood (16) . In these areas, distinct outbreaks rarely happen and clinical disease related to HAV infections is uncommon, as children generally experience asymptomatic infections. In regions of nonendemicity, food-borne and waterborne hepatitis A requires specific prevention until high levels of immunity are achieved in all age groups as a result of routine vaccinations during childhood. Through continuous improvements in hygiene and environmental quality, the incidence of hepatitis A in Spain has dramatically decreased in recent years, with attack rates of 56.28 cases per 100,000 inhabitants in 1989 and of 2.48 cases per 100,000 inhabitants in 2000 (41) . Furthermore, data from 1989 to 1991 show that the young population (Ͻ24 years old) accounted for 80% of reported hepatitis A cases (41) . The age distribution of hepatitis cases in this outbreak also hints that Spain is no longer an area of endemicity for hepatitis A, since in this situation, people 20 to 35 years old should be immune, like those 40 to 60 years old.
Currently available virus diagnostic procedures enable the specific and sensitive detection of viruses in shellfish. The presence of HAV RNA in coquina clams provided definitive evidence that this molluscan shellfish was the cause of the hepatitis outbreak, as previously implied by the case-control study. Other enteric viruses, such as rotaviruses and enteroviruses, had also been found as contaminants of the same shellfish samples, while astroviruses, Norwalk-like viruses, and hepatitis E virus were not detected (7) .
As a consequence of globalization, transnational outbreaks of food-borne infections are reported with increasing frequency. The reported outbreak was caused by imported frozen coquina clams complying with all European Union shellfish standards, which rely solely on bacteriological parameters (1). This outbreak reaffirms the fact that bacterial control is an insensitive proxy for viral contamination, since hepatitis A cases have been associated with the consumption of shellfish controlled through legal standards (25) and enteric viruses are often detected in shellfish with bacterial counts meeting the current criteria for public consumption (4, 33) . Since bacterial indicators are unacceptable as indicators of viral pathogens, rapid and standardized assessment of virus contamination of shellfish should be implemented to prevent the occurrence and international spread of shellfish-borne viral infections. The outbreak described here could have been avoided if shellfish had been monitored for viruses.
